Due to the rapid growth of high-resolution services, low earth orbit satellite-toground (LEO-StG) optical communications are expected to provide higher speed and better receiver sensitivity transmission. Here, we propose a phase uniformly distributed circular m-ary quadrature amplitude modulation (MQAM) combined with probabilistic shaping (PS) scheme for polarization multiplexing coherent optical orthogonal frequency-division multiplexing (PM-CO-OFDM) systems in LEO-StG communications to achieve high capacity transmission and improve receiver sensitivity as well as linewidth tolerance. In such scheme, the radius ratio of the circular 16/32QAM is optimized to maximize the minimum Euclidean distance (MED), and the constellation points of each ring are uniformly distributed to maximize the phase space of adjacent constellation points. Besides, the circular 16/32QAM is combined with probabilistic shaping (PS) to further increase the MED under the constraint of average transmit power. Simulation results of such circular 16/32QAM combined with PS scheme under different turbulence channels not only demonstrate its feasibility, but also show the improvements in receiver sensitivity and linewidth tolerance compared with regular 16/32QAM under same entropy. The improvement of receiver sensitivity is also experimentally validated. The superiorities of such scheme make it highly desirable for potential application in long-reach, non-relay, and high capacity LEO-StG optical communications.
Introduction
With the development of high-resolution services, satellite to ground downlink transmission systems have been requested for transmitting the increasing volume of data to ground stations within the limited satellite visible time [1] . Meanwhile, much higher data rates have been demonstrated in free space optical (FSO) links, the future space to ground systems will target higher than 10 Gbps or even 100 Gbps data rates that leverage the fiber-based telecommunications technology currently deployed in terrestrial networks, thus the demand of high capacity optical transmission for lowearth-orbit satellite to ground (LEO-StG) communications is indubitable [2] , [3] . Although intensity modulation with direct detection (IM/DD) is widely used in LEO-StG optical communications due to its simplicity, especially on-off keying (OOK) and pulse-position modulation (PPM), the received signal photons per bit is limited which results in difficulties to establish a high capacity LEO-StG links [4] . Besides, atmospheric attenuation, pointing error and turbulence due to the atmospheric stochastic volatility may lead the fluctuations at the received signal power [5] , [6] , resulting in received signal power drop below the receiver's sensitivity threshold and deteriorating the system performance, especially for IMDD systems with limited transmit power and receiver sensitivity. Therefore, an advanced modulation technique is urgent for LEO-StG optical communications.
Due to the inherent high utilization of the frequency spectrum and the robustness to the intersymbol-interference (ISI), orthogonal frequency division multiplexing (OFDM) technology has been widely studied in optical fiber communications and attracted interests in FSO systems to boost transmission capacity [7] - [9] . Meanwhile, as that coherent detection combined with advanced digital signal processing (DSP) provides higher receiver sensitivity, greater immunity to noise and higher spectrum efficiency than DD [10] , it has great potential applications in LEO-StG optical communications and has been paid more and more attentions [11] . Furthermore, result in [12] have shown that the polarization fluctuation caused by the atmospheric turbulence is rather small over the StG link, which validates that the polarization multiplexing is more attractive in LEO-StG optical communications to improve capacity without increasing the bandwidth. Hence, CO-OFDM using higher-order polarization multiplexing m-ary quadrature amplitude modulation (PM-MQAM) which combines the advantages of high receiver sensitivity, high spectral efficiency and flexibility, is one of potential technology to achieve high capacity optical transmission with high spectral efficiency for LEO-StG communications. Among above advantages, high receiver sensitivity not only provides sufficient power budget for long-reach and non-relay LEO-StG communications, but also alleviates the satellite power consumption, which is of great importance. However, despite its advantages, it is well known that CO-OFDM systems are more vulnerable to phase noise which is mainly originates from imperfect lasers at both transmitter and receiver. Consequently, improving the receiver sensitivity as well as linewidth tolerance in PM-CO-OFDM systems for LEO-StG optical communications are of great significance.
Recently, the geometric shaping (GS) and constant composition distribution matcher (CCDM) based probabilistic shaping (PS) has drawn considerable interests in single carrier (SC) coherent and DD-OFDM optical fiber communications, because it can improve the receiver sensitivity as well as provide fine granularity spectral efficiency [13] , [14] . In addition, hybrid GS and PS schemes have also been demonstrated to further improve the system performances [15] , [16] . Therefore, due to the enhancement in receiver sensitivity, GS and PS technologies have great potential applications in LEO-StG communications where aggressive power budget is required. But up to now, to the best of our knowledge, GS and PS technologies have not yet been introduced in the OFDM systems with coherent receiver for LEO-StG communications, it is meaningful to investigate the system performance by applying GS and PS technologies to CO-OFDM systems in LEO-StG communications.
In this paper, we present a novel phase uniformly distributed circular 16/32QAM combined with PS scheme for CO-OFDM systems in LEO-StG optical communications to achieve high capacity transmission and improve the receiver sensitivity as well as linewidth tolerance. For the proposed scheme, in order to maximize the minimum Euclidean distance (MED) under the mean power constrained, the radius ratio of the circular 16/32QAM is optimized. At the same time, considering the sensitivity to phase noise in CO-OFDM systems, the constellation points of each ring are uniformly distributed to maximize the phase space of adjacent constellation points. Besides, such circular 16/32QAM is combined with PS to further increase the MED under the constrained mean power. Simulation results of proposed scheme under different turbulence channels demonstrate its enhanced receiver sensitivity and linewidth tolerance compared with regular 16/32QAM under same entropy. In addition, the improvement of receiver sensitivity is also experimentally validated on 16QAM CO-OFDM systems. 
Scheme Principle

Geometric Shaping (GS)
Compared to the regular QAM formats, where the constellation points are located on a uniform Cartesian grid, the GS QAM allows a non-equidistant constellation distribution. Compared to the regular 16/32QAM formats, where the constellation points are located on a uniform Cartesian grid, the GS-16/32QAM allows a non-equidistant constellation distribution. Here, we propose a circular constellation construction to mitigate the degradation in performance due to the phase noise that mainly originates from lasers at both transmitter and receiver sides. As shown in Fig. 1 , the constellation points are uniformly distributed in each ring, at which the phase space of adjacent constellation points is maximum. Besides, the radius ratio among multiple rings is optimized to obtain the maximum MED under the condition of mean power constrained.
Taking circular 16QAM as an example, as shown in Fig. 1(a) , A1 and A2 are the radius of first and second ring, respectively. d1, d2, d3 are the distances between adjacent constellation points. The average transmit power E 0 of circular 16QAM can be expressed as E 0 = (4A 2 1 + 12A 2 2 )/16 = 0.125d 2 1 + 2.799d 2 3 . Assuming that d1 = d3, then we can get d2 > d1 = d3, therefore the MED d MED1 = d1 = d3. Hence, under this circumstance the MED can also be expressed as d ME D1 = E 0 /2.924. If d3 > d1, then we can get d2 > d3 > d1, the MED d ME D1 = d1, and thus d ME D1 < E 0 /2.924. Conversely, if d3 < d1, d ME D1 < E 0 /2.924 can also be deduced. Therefore, when d1 = d3, the maximum MED can be obtained, in which case A1: A2 = 1: 2.7322. Similarly, as shown in Fig. 1(b) where B1, B2 and B3 are the radius of first, second and third ring respectively, the ratio between the radius of 32QAM is B1: B2: B3 = 1: 2.4142: 3.6262. Compared with the circular isomorphic constellation that investigated in [17] , the proposed circular QAM here has a larger MED under the constraint of average transmit power. And the circular QAM combined with probability shaping scheme in [15] , [16] , which is designed to maximize the generalized mutual information (GMI), is inferior to the proposed scheme here in linewidth tolerance for phase noise sensitive CO-OFDM systems. While, the circular QAM investigated in [18] - [20] sacrifices a larger MED under the constraint of average transmit power for better linewidth tolerance, which are opposite to the aggressive power budget requirement of LEO-StG optical communications. In a conclusion, the proposed phase uniformly distributed circular QAM is a compromise between improving the linewidth tolerance and sacrificing the MED. Furthermore, in order to further increase the MED under the constraint of average transmit power, such circular QAM is combined with PS.
Probabilistic Shaping (PS)
The multiple amplitudes for high-order modulation format not only result in relatively low power efficiency, but also are more susceptible to nonlinear impairments [21] . The principle of PS is to send different amplitude signals using non-uniform probabilities, which means the low amplitude signals with lower energy are delivered more often than those high amplitude signals with higher energy. As a result after PS, the MED will increase at the same transmit power compared with uniform amplitude distribute.
An essential component in PS-MQAM implementation is the distribution matcher (DM), which transforms uniformly distributed bits to PS symbols with non-uniform distribution [22] . Here, we use CCDM scheme as proposed in [23] . For shaping the input, a probability mass function (PMF) from the family of Maxwell-Boltzmann (MB) distributions which has been proved to maximize the system performance is used [24] . The PS-MQAM consists of two bipolar √ M-amplitude shift keying (ASK), and assuming that the value of √ M-ASK are taken from
Where β is a scaling factor, the larger β, the lower the probability that the high amplitude signals with higher energy constellation points will appear. PS changes the probability of QAM symbols by introducing redundancy, and the higher the probability of low amplitude, the higher the redundancy and larger MED. Thus, there is a trade-off between the entropy loss and system performance improvement. In this letter, both capacity and performance are considered, the probability distributions of circular 16/32QAM are shown in Fig. 2 , where the redundancy is 11.2% for both 16QAM and 32QAM. For a fair comparison, in the simulation and experiment the shaped 16/32QAM are operated at 15.76GBaud to have the same entropy as regular 16/32QAM which operated at 14GBaud.
Simulation Demonstration and Performance Evaluation
The 14GBaud regular and 15.76GBaud shaped PM-16/32QAM CO-OFDM simulation platform are constructed based on VPI transmission Maker and MATLAB, as shown in Fig. 3 . At the transmitter, OFDM signals are generated in MATLAB. The pseudo-random bit sequence (PRBS) are first shaped by CCDM with desirable probability distribution and mapped into the circular 16/32QAM symbols. And then 4 pilots information used for phase estimation to fill the middle 52 subcarriers. The time domain signal is generated by an IFFT operation of size 64, and 4 cyclic prefixes (CPs) as guard interval are inserted for eliminate ISI, resulting in an OFDM symbol size of 68. Forty-two training symbols are subsequently inserted at the beginning of each OFDM frame, which consists of 2 training symbols for OFDM symbol synchronization and frequency offset estimation (FOE), 40 training symbols for channel estimation and 20 of which are null symbols. Each OFDM frame includes 42 training and 800 OFDM payload symbols. After that, the external cavity lasers (ECL) of 50 KHz linewidth is firstly split into two orthogonal polarized lights by a polarization beam splitter (PBS), and two orthogonal polarized lights are modulated using two dual-parallels Mach-Zehnder modulator fed with four PM-16/32QAM OFDM symbols, corresponding to I-and Q-components of both x-and y-polarizations. The orthogonal polarizations of the modulated signals are combined by a polarization beam combiner (PBC) and integrated into the computer-simulated free-space turbulence channel after amplified by an Erbium-doped fiber amplifier (EDFA).
To simulate the turbulence channel, here we adopt the classic and widely utilized phase screen model based on Fourier Transform that first introduced by McGlamery and specially described in [26] . And a variable optical attenuator (VOA) is used to simulate the attenuation of signal for long distance transmission in LEO-StG communications scenario. In the numerical model, the system parameters are as follows: λ (wavelength) = 1550 nm, l 0 (the value of inner scale of atmospheric turbulence) = 0.0003 m, L 0 (the value of outer scale of atmospheric turbulence) = 50 m, z (the atmospheric turbulence range) = 10 km considering that the atmospheric turbulence mainly occurs within the range of about 10 km from ground, the refractive index structure parameter C 2 n are 5 × 10 −15 m −2/3 and 6.5 × 10 −14 m −2/3 respectively (two kinds of classic refractive index structure parameter corresponding to moderate and strong turbulence channels). Meanwhile, to simulate the time-varying characteristic of scintillation introduced by the turbulence channel, whose varying frequency typically is about from 20 Hz to 1 KHz [27] - [29] , we continuously upgrading the random phase patterns at the highest varying frequency, that is 1 KHz. The wave-front phase of Laguerre Gaussian beam that original from the transmitter and disturbed by different atmospheric turbulence channels are shown in the inset (a), inset (b) and inset (c) of Fig. 3 , respectively. With the increase of atmospheric turbulence strength, the original wave-front phase structure is distorted gradually.
At receiver, the received optical fields are mixed with local oscillator (LO) laser which has 1 GHz frequency offset with transmitter laser, and detected by balanced photodiodes (BPDs). The output power of LO is 15 dBm. The responsivity of photodiode is 0.64 A/W, thermal noise and dark current are 12 × 10 −12 A/ √ Hz and 1 × 10 −9 nA respectively. And the shot noise is also considered. At last, the signals are digitalized by ADCs before being processed in DSP modules. The OFDM demodulation procedures at the receiver are performed, including symbol synchronization, and fine frequency offset correction, FFT, integer frequency offset estimation, polarization de-multiplexing, phase noise estimation, and circular QAM de-mapping and BER counting.
In Fig. 4 , we compare the shaped 16/32QAM with regular 16/32QAM in term of average received power as a function of BER under different atmospheric turbulence channels. It can be seen that the shaped 16/32QAM always outperforms regular 16/32QAM. For the two turbulence channels at forward error correction (FEC) limit of 3.8 × 10 −3 , there is 1.2 dB improvement in receiver sensitivity for shaped 16QAM as compared to regular 16QAM, and about 2.2 dB improvement in receiver sensitivity for shaped 32QAM as compared to regular 32QAM. The reason is that in our proposed scheme the low amplitude signals with lower energy are delivered more often than those high amplitude signals with higher energy, which means that under the condition of mean power constrained the shaped 16/32QAM has a larger MED compared with regular 16/32QAM and, thus, the receiver sensitivity is enhanced. What is notable that 16QAM has the smaller shaping gain compared with 32QAM under the same redundancy, because its only 16 points restricting the shaping degrees of freedom. Fig. 5 (a) and 5(b) shows the linewidth times symbol duration product as a function of receiver sensitivity penalty between shaped 16/32QAM and regular 16/32QAM at FEC limit of 3.8 × 10 −3 . The pilot-aided phase estimation as described in [30] is used in this paper. With 1dB sensitivity penalty, the shaped 16QAM can tolerate about v · T s = 1.8 × 10 −5 which increased by 12.5% compared with regular 16QAM, and shaped 32QAM can tolerate about v · T s = 1.2 × 10 −5 which increased by 50% compared with regular 32QAM. The proposed shaping scheme offers significant improvement on linewidth tolerance, especially for high order QAM. This can be explained as follows, the distance between the outer rings of regular 16/32QAM is relatively close compared with circular 16/32QAM, that makes the regular 16/32QAM more susceptible to the divergence of constellation points caused by phase noise.
Experimental Setup and Results
In order to further investigate the performance of proposed shaping scheme, the 16QAM-CO-OFDM experiment under different turbulence channels are carried out, as shown in Fig. 6 where a PLUTO-2 spatial light modulator (SLM) is used to emulate the turbulence channel. Since currently commercially available SLM is polarization sensitive, polarization multiplexing is hard to be implemented in our experiment. However, polarization impairments caused by the atmospheric turbulence is rather small and can generally compensated through channel equalization, and the shape gain is independent of polarization. The same DSP procedures as in the simulation are used in the transmitter to generate OFDM symbols. After that, the signals (I, Q) corresponding to the real and image components of OFDM symbols are sent into an Keysight Arbitrary Waveform Generator (AWG) 8195A with ∼33 GHz analog bandwidth and 28-32 GSa/s. Twofold oversampling is used to generate 14/15.76 GBaud baseband signal. An integrated tunable ECL at 193.400 THz with a measured linewidth of 50 kHz is modulated by the OFDM signal via a Coherent Solution optical IQ modulator. Subsequently, the output signal from the modulator is passed through an EDFA, and a collimator is placed for signal transmission in free space. In our experiment, we emulate the atmospheric turbulence channel with one reflective phase-only PLUTO-2 SLM. The PLUTO-2 SLM offer 1920 × 1080 pixels' resolution within a 15.36 mm × 8.64 mm active area. And for different refractive index structure parameters C 2 n , 50 random phase masks are generated through phase screen model and converted to grayscale, as shown in the Fig. 6 (b) and 6(c). And the addressed gray level is converted into a phase level through SLM. To facilitate the received signal's sampling and following processing, the varying frequency of scintillation introduced by turbulence channel in our experiments is set at 20 Hz [28] , [30] , that is upgrading the random phase patterns at 20 Hz. At receiver side, a collimator is used to couple the light into a standard single mode fiber (SSMF) and a variable optical attenuator (VOA) is used to adjust the received optical power. The LO laser also operates at 193.400 THz with linewidth of ∼50 kHz, and the maximum output power is 15 dBm. The coherent receiver used in our experiments is the Picometrix CR-100A with a maximum 3 dB electrical bandwidth of 29 GHz and the responsivity of photodiodes are 0.64 A/W at 1550 nm. The optical signals are digitized by the 80GSa/s Real-time sampling oscilloscope with ∼33 GHz electrical bandwidth. Meanwhile, the clock source is synchronized for AWG and the oscilloscope. Fig. 7 shows the BER versus average received power curves for 16/32QAM-CO-OFDM under different turbulence channels, the solid line indicates the experimental results and the dotted line indicates the simulation results. The experimental results show that the proposed shaping scheme provides obvious improvement in receiver sensitivity. At FEC limit of 3.8 × 10 −3 , about 1.2 dB and 2.2 dB receiver sensitivity improvements are observed for shaped 16QAM and 32QAM respectively, as compared to regular 16QAM and 32QAM under two turbulence channels. It is worth noting that because the SLM used to emulate atmospheric turbulence channel in experiment is polarization sensitive, polarization multiplexing is not implemented in our experiments which resulting in about 3dB receiver sensitivity difference between the experimental results and actual PM-16/32QAM systems. Therefore, we can conclude that the experimental results are consistent with the simulation results. From the simulation and experiment results, we can deduce that the atmospheric turbulence does not affect the shaping gain. Furthermore, it can be deduced that the shaping scheme has a larger receiver sensitivity gain and linewidth tolerance for higher order modulation formats.
Conclusion
In this paper, in order to improve the receiver sensitivity as well as linewidth tolerance in PM-CO-OFDM systems for LEO-StG optical communications, we have proposed and verified a phase uniformly distributed circular 16/32QAM combined with probabilistic shaping scheme. Simulation results of the proposed scheme at 15.76 GBaud under different atmospheric turbulence channels have demonstrated that the receiver sensitivity of shaped 16/32QAM is improved by 1.2 dB and 2.2 dB respectively, compared with regular 16/32QAM under same entropy. Meanwhile, the tolerance of phase noise mainly induced by linewidth, in term of linewidth times symbol duration product, v · T s = 1.8 × 10 −5 and v · T s = 1.2 × 10 −5 are obtained for shaped 16/32QAM at 1 dB sensitivity penalty, which increased by 12.5% and 50% respectively compared with regular 16/32QAM at BER of 3.8 × 10 −3 . In addition, the improvements of receiver sensitivity have been also experimentally validated. The superiorities of the proposed scheme make it highly desirable for potential application in long-reach, non-relay, high capacity LEO-StG optical communications.
